INTRODUCTION
Flexible and bendable pressure sensors with high sensing performances have obtained great attention [1-6], due to their broad applications in human-machine interactions [5, 7, 8] , health monitoring [9, 10] , medical diagnostics [2, 11, 12] and artificial intelligence [13] , etc. Recently, high sensitivity, large-scale and high resolution pressure sensor have made significant breakthrough based on different physical transduction mechanisms, such as piezoelectricity, piezoresistivity and capacitance. Compared with the other types of pressure sensors, capacitive pressure sensors with high accuracy in detecting static loads, low power consumption, low hysteresis and large response ranges, have obtained great success in the field of consumer electronics, including biometric identification [13, 14] , touchpads [7, 15] and touchscreens.
Due to the transduction mechanism to the applied mechanical force, the sensitivity of the capacitive pressure sensor primarily depends on the distance between the two electrodes and the dielectric constant of the dielectric layer. Therefore, capacitive sensors require a dielectric material that is easy to compress and responds rapidly to pressure applied and released. In addition to using foam as dielectric material to detect moderate pressure, elastomers are also incorporated into capacitive pressure sensors. However, the inherent characteristics of a single dielectric limit the further development of capacitive pressure sensors. Therefore, to increase the sensing performance, some effective methods have been investigated, including doping fillers in insulating elastic dielectrics [16] [17] [18] [19] [20] , introducing the ordered microstructures to the dielectric [14, [20] [21] [22] [23] [24] , changing the internal microstructure of the dielectric [15, 25] , and so on. For example, Schwartz et al. [26] reported a flexible capacitive pressure sensor embedded capacitive sensing element with a microstructured elastomer layer which revealed a fast response within a millisecond range and a great mechanical flexibility. However, few reports focus on the synergistic effect of the fillers and microstructures to improve the capacitive sensing performance.
Herein, we present a highly sensitive, flexible and transparent capacitive pressure sensor with the silver nanowires (AgNWs)/polydimethylsiloxane (PDMS) composite dielectric films. To further enhance the sensitivity, patterned pyramid-type microstructures were introduced to the composite film by using a simple and low-cost method. With patterned microstructures and sensitive composite dielectric films, the sensors have high sensitivity in the low voltage range (0.831 kPa −1 , <0.5 kPa) and very low detection limits of 1.4 Pa, as well as ultrafast response times. It also exhibits excellent operational durability and repeatability. In addition, we fabricated a flexible sensor array for wearing flexible touch keyboard, demonstrating that this capacitive pressure sensor has great potential in the application of human-computer interaction and electronic skin.
EXPERIMENTAL SECTION
Fabrication of micropatterned silicon mould 200 nm SiO 2 was deposited on a clean (100) Si wafer using plasma enhanced chemical vapor deposition (PECVD). Then the SiO 2 oxide layer was photolithographed using a mask plate. , ethylene glycol) was poured into the above solution and stirred for 3 min. The mixed solution was then immediately transferred to reaction kettle and placed in an oven at 130°C for 5 h. Finally, the precipitate was centrifuged at 7,500 rpm for 5 min with ethylene glycol and then centrifuged twice with acetone and ethanol at 3,500 rpm for 5 min, respectively. The obtained AgNWs were dispersed in ethanol at a concentration of 0.3 mg mL −1 .
Fabrication of AgNWs/PDMS mixture solution and the micro-structured composite dielectric layers First, the PDMS elastomer (Sylgard 184, Dow Corning) and the curing agent were mixed at a mass ratio of 10:1 and stirred for 30 min, and then evacuated for 15 min. The prepared AgNWs were dispersed in ethanol and its concentration was 0.3 mg mL −1 . Thereafter, different proportions of the AgNWs solution were added to 1 g PDMS mixture and stirred fully with a magnetic bar to obtain the composite solution with different doping ratio. In order to remove ethanol, the resulting solution was centrifuged at 8,000 rpm for 5 min and removed the supernatant and then the composite solution was stirred for 20 min and evacuated at 50°C for 15 min. Finally, it was spin-coated onto the micropatterned Si mould at 1,000 rpm and cured at 80°C for 2 h before being peeled off.
Characterization
The scanning electron microscopy (SEM) images were characterized using an FESEM Shimadzu Japan (SSX-550). The optical images were captured using a Canon camera. The computer controlled movable stage (Shandu SJY-500V) and force gauge (Shandu SP-5 and SH-500B) were used to apply the static pressure. A home-made force supplied equipment was used to apply dynamic pressure measurements. The electrical characterization of the flexible capacitive pressure sensor was measured with Keithley 4200 under the signal of 1 V at 2 MHz .
Materials
All the reagents including ethylene glycol (anhydrous, 99.8%, Aldrich), PVP (M w = 360,000, Aldrich), ferric chloride (Aldrich), silver nitrate (Aldrich), acetone (AR, 99.5%), and anhydrous ethanol (AR, 99.5%), were used without further purification. PDMS used was SYLGARD 184 Silicone Elastomer Base and Curing Agent. The indium tin oxides (ITO)/polyethylene terephthalate (PET) film (50 μm) was commercially available.
RESULTS AND DISCUSSION
The schematic illustrations for the fabrication of micropatterned Si mould and flexible microstructured composite AgNWs/PDMS film were illustrated in Fig. 1 . The detailed process of fabrication was described in the experimental section. Briefly, the micropatterned Si mould was first fabricated using conventional photolithography and wet etching (Fig. 1a) . The microstructures of the Si mould were regular and uniform as shown in Fig. S1 . Moreover, the mould can be reused for many times, thus the repeatedly operations do not affect the uniformity of the transferred microstructured dielectric films. The prepared AgNWs/PDMS solution was spin-coated on the Si mould, which were then peeled off to obtain the flexible microstructured AgNWs/PDMS composite dielectric film (Fig. 1b) . The concentration of AgNWs in ethanol and the detailed fabrication method of AgNWs/PDMS mixture solution can be find in the experimental section. Then we used the as-obtained film to prepare a flexible capacitive pressure sensor. ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1588 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (Fig.  2b) . The transparency of the composite films can be easily regulated by doping different mass ratio of AgNWs. SEM image shows the as-grown AgNWs with an average length of 150 μm and diameter of 100 nm (Fig. S2 ). As shown in Fig. 2c, d , the pyramid-shaped microstructures were regularly arranged and had the same dimensions with a length and a height of about 11.5 μm and 7.6 μm, respectively. The thickness of the micro-structured dielectric layer is about 98.8 μm, as shown in Fig. S3. Fig. 2e shows the optical transmittance of the AgNWs/PDMS films with various mixing ratios of AgNWs. When the mass ratio of AgNWs and PDMS is 0%, 0.03%, 0.06% and 0.12%, the transmittance of the AgNWs/PDMS film is 98, 91, 87 and 71% under 550 nm light illumination, respectively.
The sensing mechanism of the capacitive pressure sensor based on the AgNWs/PDMS dielectric layer was illustrated in Fig. 3a . The basic sensing mechanism of the traditional capacitive pressure sensing is equivalent to the parallel plate capacitor, and the capacitance value C is as follows: C=ε 0 εS/d (Equation 1), where ε 0 is the vacuum dielectric constant and ε is the dielectric constant of the composite film, and S is the relative plate area, and d is the distance between the plates. When the sensor is not loaded, the distance between the upper and lower electrodes is fixed leading to a certain initial capacitance value. However, when the force is applied to the pressure sensor, the dielectric is deformed, and the distance between the plates is reduced to d. As a result, the capacitance value C becomes large. Thus, a conventional capacitive pressure sensor may provide a significant change in capacitance proportional to the applied pressure.
In addition to the distance d, the change in the dielectric constant ε can also cause a change in the capacitance value C. Therefore, we controlled the dielectric constant of the dielectric layer by doping different proportions of AgNWs in the PDMS dielectric to improve the sensitivity and response range. The change of dielectric constant of the AgNWs/PDMS composites under pressure can be interpreted by the Kirkpatrick and Zallen statistical percolation model [18, [29] [30] [31] [32] , which is used to predict the electrical properties of a percolation system with non-interacting randomly dispersed fillers. Here, the capacitance value C is as follows: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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December 2018 | Vol. 61 No. 12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1589 dielectric constant of the composite dielectric film, and the value of ε a can be determined by the content of the filler material and the deformation of the dielectric under pressure. f c , f and ε d are the percolation threshold, the filling factor, and the conductivities of the dielectric phases, respectively. According to the Equations (2) and (3), the incorporation of AgNWs can change ε a of PDMS dielectrics, and the change of ε a will be maximized when the concentration of AgNWs reaches a certain content. Combined with the reduced distance d caused by pressure, the sensitivity of the sensor can be further enhanced.
First, to optimize the doping ratio of AgNWs, the response performance of the pressure sensors has been characterized. Fig. 3b shows the capacitance changes of the non-patterned sensors under pressure with various mixing ratios of AgNWs. The sensitivity S of the pressure sensor can be defined as: S=((C−C 0 )/C 0 )/Δp, (Equation 4), where p is the applied pressure, C and C 0 represent the capacitance with and without pressure. The sensitivity of the sensor based on the unstructured PDMS film without AgNWs was much lower than that with the AgNWs/ PDMS composite film. The results show that the sensor with 0.12 wt% AgNWs exhibits the highest sensitivity. In the pressure range of 1 kPa, the sensitivity of the AgNWs/ PDMS composite film (0.059 kPa −1 ) is about five times higher than that of the pure PDMS film (0.012 kPa −1 ). And thus, the doping ratio of 0.12 wt% was chosen as the optimal dielectric of the capacitive pressure sensor.
On this basis, in order to further improve the sensitivity of the sensor, the pyramid-shaped microstructure was then introduced to the composite film. Fig. 3c, d show the sensitivity curves of the pressure sensor based on different types of dielectric films. It can be seen clearly that the sensor based on microstructured AgNWs/PDMS dielectric films with 0.12 wt% AgNWs exhibits higher pressure sensitivity than that based on the non-patterned or microstructured PDMS dielectric layer without AgNWs. For the sensor with 0.12 wt% AgNWs, the sensitivity is as high as 0.831 kPa −1 in the low pressure range. Although the value decreases (0.063 kPa −1 ) as the pressure increases, it is also comparable to some reported capacitive pressure sensors [11, 14] . The outstanding sensitivity of the sensor at low pressure range combined with wide sensing range make it possible to detect slight touch information. Similarly, the sensitivity of the sensor based on microstructured PDMS dielectric layer without AgNWs is about 0.218 kPa −1 at low pressure and decreases to 0.035 kPa −1 with increased pressure. Compared with the previous researches shown in Fig. 3e and Table  S1 , the as-prepared sensors have better performance such as high sensitivity and low detection limit. These results show that the sensing performance of the as-fabricated capacitive pressure sensor based on a conventional PDMS film is successfully enhanced by changing geometrical structures and additional factors such as dielectric constant ε.
According to the above results, here we just discuss the pressure sensor based on microstructured 0.12 wt% AgNWs/PDMS dielectric film. The reliable capacitance changes of the sensor under different pressures are shown ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1590 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . in Fig. 4a . It can be seen that the sensors exhibit a very stable response under dynamic pressure, which can be stably operated under static pressure and accurately measure the applied force. Fig. 4b shows the real-time response curves of both types of microstructured sensors under pressures of 0.1 kPa and 0.2 kPa, respectively. The results show that the microstructured pressure sensor with 0.12 wt% AgNWs exhibits a higher sensitivity and reproducibility than the sensors without AgNWs. Fig. 4c and insets show the fast response and relaxation times of the pressure sensor. When the pressure was loaded to the pressure sensor, the response time was less than 30 ms, and a short relaxation time (less than 60 ms) was obtained when the pressure was unloaded from the sensor. This pressure sensor based on AgNWs/PDMS composite film can also detect small changes in pressure. Due to the high sensitivity and fast reaction time of the pressure senor, some ultra-light objects such as a small piece of paper (89 mg, 1.4 Pa), etc. loaded onto the sensor can induce the capacitance changes as shown in Fig. 4d . Durability and reliability are two key factors in the practical application of pressure sensors. Hence, the cyclic stability of the pressure sensor was then measured. Fig. 4e shows the capacitance change curves under a pressure of 1 kPa. It is worth noting that even after 10,000 cycles, the attenuation of the capacitance change can be negligible. [8, 17, 19, 20, 22, 25, 27, 28] . Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . The entire 10,000 cycles are shown in Fig. S4 . The large number of repetitive cycles confirms the excellent reproducibility of the sensor. As shown in the enlarged view (Fig. 4f) , almost the same sharp peaks were observed in each cycle. The results show that the pressure sensors based on AgNWs/PDMS composite film have a long working life and stability.
SCIENCE CHINA
In order to realize the practical application of flexible capacitive pressure sensor in human-computer interaction and electronic skin, it is necessary to fabricate a large-scale flexible pressure sensor array. Fig. 5a shows the schematic illustration of the final flexible 5×5 e-skin device and an enlarged pixel with a sandwich structure. By detecting the capacitance variation of each pixel, the array device can be used as a flexible wearable keyboard to implement the function of a conventional keyboard. The system-level block diagram in Fig. 5b shows the signal switching, conditioning, processing and wireless transmission paths from the signal conditioning of each pixel and output the corresponding conversion signal. The oscillating circuit is used to detect the input capacitance change of the array device. In addition, the microprocessor determines the key information by calculating and detecting the frequency of the oscillation circuit, and controls the input switching circuit to acquire the signals of the respective pixel points. Finally, the data is wirelessly transferred to the phone application via the WiFi module. Fig. 5c shows the smart keyboard that fits into the skin and mobile phone software. The flexible sensor array is able to achieve the function of keyboard. Demonstrations such as real-time inputting word "f" (Fig.  5d ) and "flextronics" (Fig. 5e) are shown in the mobile application. Remarkably, such matrix of pressure sensor array reveals a great potential in the applications of human-computer interaction.
CONCLUSIONS
In summary, we used a simple and low-cost process to fabricate flexible, transparent and ultrasensitive capacitive pressure sensors by introducing patterned microstructured AgNWs/PMDS composite dielectric films. The as-fabricated capacitive pressure sensor has a large capacitive response (0.831 kPa −1 ) when different pressures are applied, and can easily detect minute pressure (1.4 Pa). Moreover, the capacitive pressure sensor has a fast response (<30 ms) and relaxation (<60 ms) time. It also exhibits a high stability and durability after repeated cycles of more than 10,000 times. We also demonstrated the expansion of our sensors in the field of wearable electronic skin by making a 5×5 array of wearable flexible ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1592 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . keyboards. The array-wearable keyboard shows a high sensitivity which can clearly distinguish the applied pressure to each pixel and implements a function similar to that of a conventional keyboard. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
